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Abstract
The prospects for future reactor neutrino experiments that would use tens of kilotons of liquid scintillator with a ∼50 km baseline
are discussed. These experiments are generically dubbed “RRNOLD” for Radical Reactor Neutrino Oscillation Liquid scintillator
Detector experiment. Such experiments are designed to resolve the neutrino mass hierarchy and make sub-percent measurements
sin2 θ12, Δm223 and Δm
2
12. RRNOLD would also be sensitive to neutrinos from other sources and have notable sensitivity to proton
decay.
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1. Introduction
Antineutrinos from ﬁssion in nuclear reactors ﬁgure prominently in the knowledge of neutrinos and neutrino
oscillations from the discovery of the neutrino by Cowans and Reines [1] to the recent measurement of sin2 2θ13
at Daya Bay [2]. There are two proposed multi-kiloton experiments, JUNO in China and RENO-50 in Korea, that
would carry on this tradition. 1 I refer to these experiments by the acronym RRNOLD for Radical Reactor Neutrino
Oscillation Liquid scintillator Detector experiments. RRNOLD are massive detectors (O(20) kton) of reactor electron
antineutrinos ν¯e via inverse beta decay (IBD) at O(50) km baseline with unprecedented O(3%) energy resolution. The
goals of RRNOLD are to resolve the neutrino mass hierarchy (MH) and measure sin2 θ12, Δm223 and Δm
2
12 with high
precision (< 1%). Additional potential capabilities of RRNOLD will be brieﬂy mentioned.
2. RRNOLD capabilities
The ν¯e survival probability in the three-neutrino framework is
Pν¯e→ν¯e = 1 − cos4 θ13 sin2 2θ12 sin2 Δ21 − sin2 2θ13(cos2 θ12 sin2 Δ31 + sin2 θ12Δ32) (1)
where Δ ji ≡ 1.267Δm2ji(eV2) L(m)E(MeV) , L is the baseline and E is the ν¯e energy. RRNOLD seeks to disentangle the slightly
diﬀerent oscillation frequencies governed by Δm23X as shown conceptually in Figure 1. Resolving the MH requires
determining if the “normal” |Δm231| = |Δm232| + |Δm221| or “’inverted” |Δm231| = |Δm232| − |Δm221| MH is correct. Since|Δm221|/|Δm232| ≈ 3%, a precise spectral measurement is necessary to resolve the MH. In contrast to other approaches
to resolve the MH [4], the reactor ν¯e measurement would be independent of the CP phase and have minimal matter
eﬀects.
BNL-103755-2014-JA
1I omit any discussion of proposed short (< 10 km) baseline reactor neutrino experiments.
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Figure 1. Expected ν¯e spectrum (arbitrary units) as a function of ν¯e energy at L = 20 km from [3]. The dark line shows the spectrum in the absence
of oscillations. The thin solid lines show the expected spectra for the inverted (dark) and normal (light) MH.
Studies have shown that an energy resolution of σE/E ≤ 3%/√E(MeV) is required to resolve the MH assuming
∼105 IBD events [5]. To achieve these goals, RRNOLD would have approximately 20 times the volume of the largest
extant liquid scintillator (LS) detector, KamLAND [6], and have the properties listed in Table 1. The required energy
resolution requires photostatistics at least four times that of KamLAND and implies highly transparent LS with ∼1.5×
the light yield and more than double the photocathode coverage of KamLAND. In addition, the photocathode quantum
eﬃciency must be increased by ∼1.5× either by use of a “super-bialkali” photocathode or a novel photodetector design
with a reﬂective photocathode and a multichannel plate for photoelectron multiplication [7, 8]. In addition, RRNOLD
must be exposed to as many reactors as possible with the requirement that baseline diﬀerences must be < 500 m to
avoid washing out the L/E-dependent oscillations [10].
JUNO [7, 8] RENO-50 [9] Property
20 17 Fiducial mass (kt)
36 16.5 Reactor power (GWth)
80% 67% Photocathode coverage
35% Quantum eﬃciency
≥ 35 m Attenuation length
1.5× Light yield compared to KamLAND
Table 1. RRNOLD requirements. See text for details.
Even if the photostatistics increase can be achieved, the non-linear energy response of LS due to Cerenkov light
emission and scintillator quenching must be well understood as should any non-linear eﬀects due to detector electron-
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ics. Indeed, unidentiﬁed non-linear eﬀects could fake or obscure the MH [11]. It should be possible to mitigate such
eﬀects using the known features of the observed spectrum [10]. In any case, a comprehensive calibration program is
essential and should, in my opinion, include the use of positron sources such as cosmogenic 11C or 12N, dissolved
short-lived β+ isotopes and/or a low energy e± accelerator [5].
Spectral analysis using a χ2 method [12, 13, 14] or Fourier analysis [15, 16] shows that RRNOLD could resolve
the MH at ∼ 2(3)σ after 3(6) years assuming an energy resolution of σE/E = 3%/√E(MeV). A single RRNOLD is
unlikely to be able to resolve the MH with a statistical signiﬁcance of 5 standard deviations, thus it would be beneﬁcial
to conﬁrm the results with either a second RRNOLD or with complementary experiments [4].
JUNO projects a relative precision on sin2 θ12, Δm223 and Δm
2
12 of approximately 0.7%, 0.6% and 0.6%, respec-
tively [7]. RRNOLD should also be capable of atmospheric, solar and geo-neutrino detection and would be a superb
detector of neutrinos from nearby supernovae. RENO-50 could have an accelerator neutrino program assuming it is
sited close enough to the trajectory of the beam produced for the T2K program in Japan [17]. RRNOLD would also
have unique sensitivity to p→ K+ν¯ assuming timing resolution suﬃcient to resolve the K+ decay and that atmospheric
neutrino background could be suﬃciently suppressed.
Given RRNOLD as a facility, a rich future physics program is possible. RRNOLD-DAEδALUS could detect
ν¯e from ν¯μ from stopped μ+ produced by cyclotron(s) and be sensitive to CP violation in neutrino oscillations [18].
Similar to KamLAND-Zen [19], RRNOLD-ZFFL 2 could serve as a veto and photon detector for a neutrino-less
double-beta decay experiment. A Ce-RRNOLD could use a potent ν¯e source to search for short distance ν¯e disappear-
ance as in the Ce-LAND proposal [20].
As of October 2013, the status of the two RRNOLD proposals is as follows. JUNO received approval and funding
from the Chinese Academy of Science in February 2013 and plans to construct the experiment 2013-2019 with ﬁlling
and data-taking beginning in 2020. The RENO-50 proposes a similar schedule with operation beginning in 2019.
3. Summary
RRNOLD aims to resolve the neutrino mass hierarchy andmake precision neutrino mixing measurements. RRNOLD
would complementary to other approaches to resolve the mass hierarchy using accelerator or atmospheric neutrinos.
RRNOLD faces signiﬁcant technical challenges and would enable signiﬁcant progress in neutrino physics.3
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